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Abstract 
The Outstanding characteristics of titanium metal matrix composites (Ti-MMCs) have brought them up as 
promising materials in different industries, such as aerospace and biomedical. They exhibit high mechanical and 
physical properties, in addition to their low weight, high stiffness and high wear resistance. The presence of the 
ceramic reinforcements in a metallic matrix further contributes to these preferable properties. However, the high 
abrasive nature of the ceramic particles limits greatly the machinability of this class of material, as they induce 
significant tool wear and poor surface finish. In this study an attempt is made to find the optimum cutting conditions in 
terms of minimizing the tool wear and surface roughness during machining Ti-MMCs. Meta-modeling optimization in 
performed to achieve the goal.   
In this study the three independent parameters under consideration are the cutting speed, feed rate and the depth of 
cut. The response parameters are the surface roughness and the tool wear rate. The independent parameters are divided 
into a set of levels at which the experiments are conducted. At each experimental condition the two response 
parameters are measured. Kriging meta-modeling technique is used to fit a model to the response parameters in the 
multi-dimensional space. These models are used, in turn, within a multi-objective optimization algorithm to find the 
optimum cutting condition space. The above-mentioned algorithm is based on an evolutionary multi-objective search 
technique known as SPEA (Strength Pareto Evolutionary Algorithm). 
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1. Introduction 
Metal matrix composites, as a new generation of 
materials, are aimed at advancing various industrial 
sectors such as aerospace and biomedical. Titanium 
MMCs, possessing the advantages of both Titanium and 
Ti-C particles, exhibit outstanding combination of 
preferable properties, such as high mechanical and 
physical properties, increased strength, low weight, high 
stiffness, high wear resistance and high elastic modulus 
at the same time. Despite all the favorable properties 
mentioned above, these materials suffer from poor 
machinability due to the presence of extremely abrasive 
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reinforcements. Although these MMCs are manufactured 
as near-net-shape, they require finish machining. The 
interaction between the tool and abrasive hard 
reinforcing particles of the workpiece induces severe 
machining issues. Hence the most important drawbacks 
of machining MMCs can be listed as severe tool wear 
and poor surface finish. This in turn leads to high cost 
and low productivity [1]. 
Surface quality is one significant concern of 
machinability, which has been the case of consideration 
for many years. The selection of optimum cutting 
parameters in order to achieve the required surface 
quality has always been a challenge. Cutting conditions, 
tool characteristics and the workpiece material are 
among the most important factors affecting the surface 
roughness. Tool- particle interaction during machining 
of MMCs significantly influences the quality of the 
machined surface due to the generation of voids and 
cavities as a result of particle fracture and/or debonding. 
This interaction is mainly affected by the variation of the 
feed, and the effect is reported to be greater than that of 
cutting speed and volume fraction of particles in 
machining MMCs [2]. Besides, contradictory effects of 
feed on the surface roughness have been observed during 
machining MMCs which requires further examination 
[3]. Cutting speed also has a significant effect on the 
surface roughness. Better surface finish has been 
reported during machining MMCs with higher cutting 
speeds due to the facilitated removal of the hard 
reinforcement particles [2]. 
Tool life and tool wear tests are considered as one of 
the most commonly used criteria for evaluating the 
machinability, which will reveal the performance of the 
tool as well as the evaluation of the workpiece material 
[4]. Cutting conditions and the size of particle 
reinforcements as well as volume fraction of particles 
are the main factors influencing the tool life during 
machining MMCs. Cutting speed has the major 
influence on the tool wear.   
Flank wear is reported as the dominant wear mode, 
while two-body and three-body abrasive wear are 
reported to be the main wear mechanisms during 
machining MMCs [5-7].  
Two-body abrasion wear takes place when the 
reinforcing particles abrade the cutting tool material 
while they are tightly confined in the matrix material. 
Scratches parallel with the cutting direction are 
generated on the flank face through this mechanism.  
Three-body abrasion wear occurs when the debonded 
particles from the ductile matrix roll between the tool 
and the matrix, leaving behind some holes and grooves 
on the tool flank face [5]. 
This study aims at using a multi-objective algorithm 
to detect the optimum cutting conditions. The 
optimization results in achieving the lowest surface 
roughness and tool wear while maintaining the highest 
productivity. 
2. Experiment set up 
A 25.4 mm diameter bar of Ti-6Al-4V alloy matrix 
reinforced with 10-12% volume fraction of TiC ceramic 
particles is utilized in this study. Dry machining tests 
were conducted on a 6-axis Boehringer NG 200, CNC 
turning center, equipped with a Kistler dynamometer 
model 9121 for force measurement. TH1000 coated 
carbide inserts (TiSiN-TiAlN nano-laminate PVD coated 
grades) with nose radius of 0.8 mm were used. The 
experiment set up is shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The experiment set up 
The experiment matrix used in this study is based on 
a 3 factors and 3 level full factorial design. Cutting 
speed, feed rate, and depth of cut are selected as the 
independent parameters. Their values used in this 
experimental investigation are shown in Table 1.   
Table 1: Cutting parameters and their levels 
 Levels 
Factors Low Center High 
Cutting Speed 
(m/min) 80 100 120 
Feed rate 
(mm/rev) 0.1 0.15 0.2 
Depth of Cut 
(mm) 0.8 1 1.2 
 
During each experimental run, surface roughness and 
tool wear were measured using a Taylor Hobson 
Precision Form Talysurf Series S4C profilometer and an 
Olympus SZ-X12 microscope, respectively. The average 
surface roughness (Ra) is taken as the surface quality 
Dynamometer 
Ti-MMC 
workpiece 
Tool insert 
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criterion. The measurements were repeated three times 
and their average value is used. The maximum flank 
wear length (VBmax) is selected as the tool wear index. 
Material removal rate (MRR) is calculated for each run 
and the normalized rate of tool wear, with respect to 
MRR, is considered as the basis for comparison in this 
analysis. This allows reducing the number of variables 
and comparing tool wear obtained under different 
cutting conditions of speed, feed and depth of cut. In 
other words, the combined effect of these parameters 
that are embedded in the MRR is accounted for. 
3. Methodology 
Surface quality, tool wear and productivity are the 
crucial aspects of machining processes. The sought-for 
optimum cutting conditions should be corresponding to 
the best surface quality, least tool wear and highest 
productivity. Since these are competing objectives, there 
is no unique combination of cutting conditions that 
would correspond to the optimal conditions at the same 
time. For example, the cutting conditions that reflect the 
highest productivity or the lowest surface roughness will 
not necessarily produce the best tool life. 
For better understanding of the trade-off between 
competing objectives, Figure 2 shows the contours of 
two arbitrary functions (e.g. surface roughness and tool 
wear) drawn for two design variables x1 and x2 (e.g., 
cutting speed and feed). The blue lines represent the 
desired lower values for either function. Point 1 reflects 
the best combination of [x1 and x2] for one function, 
while Point 2 is the best point for the second function. 
The solid line connecting these two points represents a 
set of combinations of x1 and x2 that are better than any 
other combinations in the design space. This line is 
known as the trade-off line in the space of design 
variables. 
In the present paper, the design variables are the 
cutting conditions (cutting speed, feed rate and depth of  
 
 
 
Figure 2: An example showing the trade-off line 
cut), while the objective functions are the surface 
quality, tool wear and productivity.  
By normalizing tool wear with respect to MMR, this 
reduces the problem to optimizing two objective 
functions only. The paper presents an algorithm, which 
spreads a population of points along the trade-off line of 
cutting conditions.  
It is worth noting that the trade-off line represents the 
optimal region in the machinability space. 
 
3.1 Optimization algorithm 
The optimization of the two objective functions is 
conducted in three steps:  
 
1. A three level full factorial design of experiments is 
conducted, and experiments are carried out to get 
values of the objective functions.  
2. A meta-model (Kriging model) is used to fit a 
continuous surface through the discrete experimental 
outcomes [8]. 
3. An evolutionary multi-objective optimization method 
is applied to the continuous functions (from step 2) 
that spreads a population of search points on the 
trade-off line of cutting conditions [9].  
4. Results and discussions 
Figures 3 and 4 show the outcomes of the 
optimization algorithm.  As can be seen in the figures, 
there are three clusters of points on the trade-off space 
that are named zone 1 to 3. 
Figure 3 shows those zones in the cutting parameters 
space, while Figure 4 shows them in the objective 
functions space. 
 
 
Figure 3: Three trade-off zones in cutting parameters space 
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Figure 4: Three trade-off zones in objective function space 
Looking at Figure 3 from a different perspective as 
shown in Figure 5, it can be realized that in each zone 
one of the cutting parameters can almost be assumed 
constant. Each of zones 1 and 2 corresponds to a specific 
feed rate; 0.2 mm/rev and 0.15 mm/rev respectively. On 
the other hand, zone 3 could be assumed at a fixed depth 
of cut of 0.8 mm. 
Since there are three cutting parameters and a 
corresponding objective function, this makes four-
dimensional space that is impossible to visualize. 
Keeping one of the cutting parameters constant allows 
better visualization of the objective functions. 
 
 
Figure5: The trade-off zones in cutting parameters space from another 
perspective 
For zone 1, Figures 6(a) and 6(b) show the three-
dimensional plots of the normalized tool wear and 
surface roughness, respectively. Additionally, the 
corresponding contours are shown in Figures 7(a) and 
7(b). The 3D plots show that near to a cutting speed of 
80 m/min and a range of depths of cut between 0.95 mm 
and 1.15 mm, the normalized tool wear exhibits a steep 
gradient towards its minimum value. Both objective 
functions become higher above the cutting speed of 80 
m/min. Therefore, the trade-off line lies near the 
boundary of 80 m/min. The trade-off line is extended 
towards speeds higher than 80 m/min, since the 
normalized tool wear tends to be constant, whereas the 
surface roughness gets its lowest values.  
Considering the trade-off zones in the objective space 
(Figure 4), zone 1 mostly corresponds to the lowest tool 
wear. Since tool wear is significantly affected by the 
cutting speed, the location of the trade-off line mostly 
towards the lowest cutting speeds could be reasonably 
explained; at lower cutting speeds, lower tool wear is 
expected.  
On the other hand, considering the contradictory 
effect of cutting speed on the tool wear and surface 
roughness, the extension of trade-off line towards the 
higher speeds could be further explained. 
 
 
(a) 
 
(b) 
Figure 6: Three-dimensional plots of (a) the tool wear/MRR, and    (b) 
the surface roughness (for zone 1 at feed rate= 0.2 mm/rev) 
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
5
6
7
8
9
10
11
12
13
14
15
x 10
-3
Surface Roughness
To
ol
 W
ea
r
Surface Roughness (μm)
To
ol
 W
ea
r/M
M
R
 (m
in
/c
m
2 )
15
14
13
12
11
10
9
8
7
6
5
X10 4
0.4     0.6     0.8       1      1.2     1.4     1.6     1.8    
Zone 1
Zone 2
Zone 3
6
5.5
5
4.5
4
X10-4
Tool Wear / MRR (min/cm2)
2
1.8
1.6
1.4
1.2
Surface Roughness (μm)
580   M. Aramesh et al. /  Procedia CIRP  8 ( 2013 )  576 – 581 
 
 (a) 
 
(b) 
Figure 7: Contours of (a) the tool wear/MRR, and (b) the surface 
roughness (for zone 1, at feed rate= 0.2 mm/rev) 
For zone 1, the above mentioned trend is seen as 2-
dimensional contours in Figures 7(a) and 7(b) for tool 
wear rate and surface roughness, respectively. For zone 
2, similar results are shown in Figures 8(a) and 8(b). The 
two objective functions are competing against each other 
in this zone. The trade-off points are therefore found at 
the steepest gradient of both functions. 
As mentioned earlier, the hard and abrasive 
reinforcing particles in MMCs are detrimental to the 
cutting tools and are responsible for higher tool wear and 
surface roughness. Cavities and scratches are generated 
on the tool face and workpiece surface, due to the tool- 
particle interaction which occurs during machining 
MMCs. This can be seen in Figure 9, which shows SEM 
images of the tool flank face and workpiece surface 
during turning Ti-MMCs at conditions correspond to 
zone 2. This phenomenon was, nevertheless, observed in 
all three different zones. 
Figures 10 (a) and 10(b) show the contours of the two 
objective functions for zone 3. The two objective 
functions are coping with each other in this zone. It is 
worth noting that although the two functions compete,  
 
 
(a) 
 
 
(b) 
Figure 8: Contours of (a) the tool wear/MRR, and (b) the surface 
roughness (for zone 2, at feed rate= 0.15 mm/rev) 
 
 
Figure 9: Grooves and scratches generated on (a) the tool flank face 
and (b) the workpiece surface during turning Ti-MMCs at v=100 
(m/min), f= 0.15 (mm/ rev) and ap= 1 (mm) 
no trade-off points were found above a feed rate of 0.12 
mm/rev, since there are other subspaces (in zones 1 or 2) 
which dominate this sub-zone. It is also noted that the 
trade-off points are found along the steepest gradient of 
the normalized tool wear function. Considering the 
trade-off zones in the objective space (Figure 4), zone 3 
almost corresponds to the lowest surface roughness, 
which is expected to be obtained when machining with 
high cutting speeds and low feed rates and depths of cut.  
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(a) 
 
 
(b) 
Figure 10 (a) Contours of tool wear/MRR, and (b) Contours of surface 
roughness (zone 3, for depth of cut = 0.8 mm) 
5. Conclusions 
In this paper, multi objective optimization has been 
performed to find the combinations of cutting conditions 
that produce minimum tool wear and surface roughness, 
while preserving the highest productivity.   
The optimization results were grouped into three 
different zones. The selection of the zone of operation 
depends on the design requirements and manufacturing 
constrains. For example, if cost and the productivity are 
of highest priority while surface roughness is tolerated 
(as in roughing operation), then the zone 1 would be of 
interest. On the other hand, when surface quality is of 
prime importance, then zone 3 would be the choice. 
Excluding these two extreme conditions, zone 2 provides 
a compromise between surface quality and productivity.  
Acknowledgement 
The authors thank the Dynamet Technology Inc. for 
providing the Ti-MMC material, and Seco Tools for 
supplying the inserts. The authors acknowledge the 
Canadian Network for Research and Innovation in 
Machining Technology (CANRIMT) for their financial 
support, and the Aerospace Manufacturing Technology 
Center (AMTC) of the National Research Council 
Canada (NRC) for its valuable contribution to this work.  
References 
[1] J. P. Davim, A. Pramanik, J. A. Arsecularatne, 
and L. C. Zhang, "Machining of Particulate-
Reinforced Metal Matrix Composites,"  
Machining, J. P. Davim (ed), Springer London, 
2008, pp. 127-166. 
[2] R. K. Bhushan, S. Kumar, and S. Das, "Effect of 
machining parameters on surface roughness and 
tool wear for 7075 Al alloy SiC composite," Int. 
J. of Advanced Manufacturing Technology, vol. 
50, pp. 459-469, 2010. 
[3] A. Pramanik, L. C. Zhang, and J. A. 
Arsecularatne, "Machining of metal matrix 
composites: Effect of ceramic particles on 
residual stress, surface roughness and chip 
formation," Int. J. Machine Tools and 
Manufacture, vol. 48, pp. 1613-1625, 2008. 
[4] R. B. W. H. Cubberly. (1989). Tool and 
Manufacturing engineers handbook.  
[5] H. A. Kishawy, S. Kannan, and M. Balazinski, 
"Analytical modeling of tool wear progression 
during turning particulate reinforced metal matrix 
composites," CIRP Annals - Manufacturing 
Technology, vol. 54, pp. 55-58, 2005. 
[6] X. Li and W. K. H. Seah, "Tool wear acceleration 
in relation to workpiece reinforcement percentage 
in cutting of metal matrix composites," Wear, 
vol. 247, pp. 161-171, 2001. 
[7] R. Karthikeyan, G. Ganesan, R. S. Nagarazan, 
and B. C. Pai, "A critical study on machining of 
Al/SiC composites," Materials and 
Manufacturing Processes, vol. 16, pp. 47-60, 
2001. 
[8] P. Goovaerts, Geostatistics for natural resources 
evaluation, Oxford University Press, 1997. 
[9] E. Zitzler and L. Thiele, "Multiobjective 
evolutionary algorithms: a comparative case 
study and the strength Pareto approach," 
Evolutionary Computation, IEEE Transactions 
on, vol. 3, pp. 257-271, 1999. 
105                    110                      115                     120
0.2
0.19
0.18
0.17
0.16
0.15
0.14
0.12
0.11
0.1
0.13
Cutting Speed (m/min)
Fe
ed
 R
at
e 
(m
m
/re
v)
Tool Wear / MRR (min/cm2)
X10-1
105                    110                      115                     120
0.13
0.2
0.19
0.18
0.17
0.16
0.15
0.14
0.12
0.11
0.1
Cutting Speed (m/min)
Fe
ed
 R
at
e (
m
m
/re
v)
Surface Roughness (μm)
